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Abstract

Tissue electroporation is a technique that facilitates the introduction of molecules into cells by applying a series of short electric pulses to
specific areas of the body. These pulses temporarily increase the permeability of the cell membrane to small drugs and macromolecules. The
goal of this paper is to provide information on the thermal effects of these electric pulses for consideration when designing electroporation
protocols. The parameters investigated include electrode geometry, blood flow, metabolic heat generation, pulse frequency, and heat
dissipation through the electrodes. Basic finite-element models were created in order to gain insight and weigh the importance of each
parameter. The results suggest that for plate electrodes, the energy from the pulse may be used to adequately estimate the heating in the tissue.
However, for needle electrodes, the geometry, i.e. spacing and diameter, and pulse frequency are critical when determining the thermal

distribution in the tissue.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Tissue electroporation, also termed electropermeabilisa-
tion, is becoming an increasingly popular method to intro-
duce small drugs and macromolecules into cells in specific
areas of the body. This technique is accomplished by
placing electrodes into or around the targeted tissue to
generate a pulsed electric field inside the tissue [1]. These
fields induce reversible (or irreversible) structural changes
in the cell membrane that enhance the penetration of these
substances into the cytosol [2]. The two most prevalent
applications of in vivo tissue electroporation are gene
therapy, electrogenetherapy (EGT) [3], and cancer therapy,
electrochemotherapy (ECT) [1,4]. Research on the practice
of tissue electroporation focuses primarily on characterizing
the electric pulse parameters that maximize the amount of
electroporated tissue in the targeted area while minimizing
damage to the surrounding tissue [5]. While the amount of
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tissue electroporated by the electric pulses is the most
important effect, there are secondary effects from the
electrical currents that need to be considered when design-
ing electroporation protocols. One of the most important
secondary effects is that of Joule heating.

Biological cells are sensitive to temperature. The dam-
aging effect of elevated temperatures on biological materials
has been investigated for decades [6]. A review of the
effects of elevated temperatures on biological materials
can be found in Ref. [7]. With respect to electrical trauma
consequences, an extensive review on the thermal effects of
electrical currents can be found in Ref. [8]. In addition, the
thermal effects of electroporation have been addressed in
several publications. When the skin is exposed to an
electropermeabilizing electric pulse, researchers estimated
that the increase in temperature should be on the order of 1—
10 °C and considered insignificant. However, due to struc-
tural changes that result in the creation of highly localized
sites from the electroporation itself, the stratum corneum
undergoes substantial localized heating [9]. Gallo et al. [10]
found that the threshold for electroporation dropped while
the recovery time increased at elevated temperatures for
experiments with porcine skin. Recently, Kotnik and
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Miklav¢ic [11] developed a theoretical model to estimate the
power dissipation in individual cells during electroporation
and postulated that heating considered insignificant at the
macroscopic level might actually be substantial to the cell
membrane.

The goal of this work is to analytically investigate the
effect of various parameters on the resultant temperature
distribution throughout tissue exposed to permeabilizing
electric pulses. This information can be used to provide
guidance when designing electroporation protocols. The
nature of this problem is complex and assumptions were
made in order to capture the essence of the problem while
making it tractable. To this end, we have employed the
Laplace equation to calculate the electrical potential distri-
bution in tissue during typical electroporation pulses and a
modified Pennes (bioheat) equation to calculate the resulting
temperature distribution. It is important to note that there are
several forms of the bioheat equation, which have been
reviewed in Refs. [12,13]. While the Pennes equation is
controversial, it is nevertheless commonly used because it
can provide an estimate of the effects of various biological
heat transfer parameters, such as blood flow and metabo-
lism. The modified Pennes equation employed in this study
contains the Joule heating term in the tissue as an additional
heat source.

2. Model

In this study, we examined how the Joule heating
associated with an electric pulse thermally affects the tissue
relative to other factors such as metabolism, blood perfu-
sion, and the heat exchange between the electrode and the
tissue. Even though the method outlined in this paper can be
used with any geometrical configuration, two important
examples were employed to provide insight as to how these
various parameters affect the heating associated with elec-
troporation. The first configuration has the tissue placed
between two plate electrodes and the second has two needle
electrodes embedded in the tissue. In the needle configura-
tion, the analyzed tissue was arbitrarily chosen to be a 32-
mm square. These electrode types were chosen because
plate and needle electrodes are commonly used in tissue
electroporation [3].

In order to keep the problem tractable and mathemati-
cally feasible, many simplifying assumptions were made.
The analyzed domains are only of the tissue and the
electrodes themselves are interpreted as part of the boundary
conditions imposed on the tissue. The boundaries of the
analyzed domains that are not in contact with the electrodes
were assumed to be electrically and thermally insulating.
This provides an upper limit to the problem but presumes
that the tissue is not heated outside the analyzed domain. In
addition, we assumed that heat exchange may occur through
the electrodes, but the electrodes themselves are artificially
kept at room temperature in order to mathematically exploit

the effect of the applied thermal boundary condition, which
is maximized when the temperature differential between the
tissue and the electrode is largest. Therefore, tissue damage
as a direct result from the electrodes heating was not
considered. To keep the problem general, it is further
assumed that the tissue is isotropic and macroscopically
homogeneous. For applications specific to cancer therapy,
the malignant tissue can be modeled as a subset of the
surrounding tissue. For applications specific to anisotropic
tissues such as skeletal muscle, the analysis should be
modeled as such. While the electrical conductivity of tissue
may increase as a direct result of the electroporation [14],
this term is kept constant because the increase has not been
well established. Since the analysis is based on an assump-
tion of homogeneous properties and since the variation of
electrical conductivity due to electroporation is within the
range of tissue inhomogeneity, keeping the term constant
retains the same order of accuracy within the entire analysis.

The problem is modeled as two-dimensional for tracta-
bility and, therefore, can be interpreted as an upper limit
estimate for the amount of heating generated from an
electroporation procedure. For the plate configuration, the
tissue and electrodes are modeled as infinitely long, essen-
tially a one-dimensional slab, to provide a more conserva-
tive approximation of the heating. The thermal distribution
is inherently a three-dimensional problem since the elec-
trode length is not infinite but generally comparable to the
electrode spacing. A three-dimensional model should be
used if less conservative calculations are desired.

3. Method

The most commonly used equation to solve heat transfer
problems in the body is Pennes’ (1948) bioheat equation,
which accounts for metabolism and blood flow [15]:

oT
V-(kVT)+wbcb(Ta—T)+q'":pcpw (1)

where k is the thermal conductivity of the tissue, 7 is the
temperature, wy, is the blood perfusion, ¢, is the heat
capacity of the blood, 7, is the arterial temperature, ¢" is
the metabolic heat generation, p is the tissue density, and ¢,
is the heat capacity of the tissue.

The temperature distribution associated with an electro-
poration pulse can be calculated by simultaneously solving
the bioheat equation with the Laplace equation for potential
distribution:

V- (0V¢) = 0 2)

where ¢ is the electrical potential and ¢ is the electrical
conductivity. The electrical boundary condition of the tissue
that is in contact with the one of the electrodes is defined as

¢ =Ve (3)
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Table 1

Biophysical properties used in analysis

Quantity Symbol  Units Value Reference
Electrical conductivity 4 S/m 0.286  [18]
Ac/a/AT o %/C 1.50% [17]
Tissue thermal conductivity K W/m K 0.5 [17]
Tissue heat capacity Cp Jkg K 3750 [17]
Tissue density o kg/m? 1000 [17]
Blood heat capacity cp Jkg K 3640 [17]
Initial temperature To °C 37 -
Room temperature T; °C 25 -

where V; is the applied voltage. The electrical boundary
condition at the interface of the other electrode and the
tissue is defined as

¢=0 (4)

The boundaries where the analyzed domain is not in contact
with an electrode are treated as electrically insulative:

29 _y

o (5)

Solving the Laplace equation enables one to calculate the
associated Joule heating, the heat generation rate per unit
volume from an electric field (p):

p=0|Vé|’ (6)

This term is added to Eq. (1) to represent the heat generated
from the electroporation procedure:

or
V- (kKVT) +when(Ta = T) + 4" +p = pey = (7)

Since most finite-element codes cannot handle the term
associated with blood perfusion in the bioheat equation, a
simple variable substitution was applied to overcome this
limitation. Let

—Whep!

T—T,=Ue (8)

The transformation looks as such

—wbq)t

(V- kVU)e%]‘jt:b[ —wyepyUe ™ "+ (¢" +p)

oU 2o WpC b,
= pcpwe e | — PCp pr b Ue r» ! (9)
p

After canceling out like-terms and dividing through by the
exponential, the equation reduces to

e U
(V-kVU) + (q" +p)e™" = pey - (10)

Eq. (10) resembles the general heat conduction equation,
which is readily solvable with most finite-element packages,
with the term (g +p)e™>*/#%) as the heat source. The
same variable substitution is applied accordingly to the
boundary conditions to solve the problem. The solution,

U, is subsequently substituted back to determine the tem-
perature distribution in the analyzed domain.

We employed several thermal boundary conditions typ-
ical to various configurations between the electrodes and the
tissue to study their heat exchange. For a plate electrode, we
assumed a heat transfer coefficient between the electrode
and its surroundings. This boundary condition takes the
form:

q" = h(Tp = T5) (11)

where ¢” is the heat flux per unit area, / is heat transfer
coefficient, T, is the electrode—tissue interface temperature,
and 7j is the surrounding media temperature.

For a needle electrode, we assumed that it could serve as
a fin to remove heat from the electroporated tissue. As a
typical estimate, we considered such electrodes to be infinite
fins, thereby providing an upper limit for their ability to cool
the electroporated-heated tissue. Therefore, we took the
equation for the heat dissipation by a fin [19] to be the
boundary condition at the electrode—tissue interface.

q' =4 ke -h/P- (T, - T5) (12)

where ¢’ is the heat flux per unit length, P is the perimeter,
A is the cross-sectional area, and kg is the thermal conduc-
tivity of the fin.

4. Analysis

The analysis modeled conditions typical for electropora-
tion experiments on rat liver [5,16], but used biological
parameters corresponding to the human liver. Tissue thermal
properties are taken from Ref. [17] and the electrical
properties from Ref. [18] and are listed in Table 1.

The intent of the analysis was to determine conditions
(electroporation voltage and duration) for which the maxi-
mal temperature in the tissue reaches 50 °C, where does it
occur and how do the various parameters and conditions
affect the occurrence of this maximal temperature. It is
assumed that the entire tissue is initially at the physiological
temperature (37 °C):

T(x7yaza0):T0 (13)

Although thermal damage is a time-dependent process,
described by an Arhenius type equation, there are many

Table 2
General parameters for thermal study
Quantity Symbol  Units Value Reference
Voltage 14 V/em 50 250 1250 [16,20]
Blood perfusion  wy, kg/m3 S 0 0.5 1 [21]
term
Metabolic heat  ¢" W/m® 0 16900 33800 [21]
Heat transfer h Wm*K 0 50 500 [19]
coefficient
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Table 3

Needle electrode specific parameters

Quantity Symbol Units  Values Reference
Electrode diameter d mm 0.3 1 1.5 -
Electrode spacing L mm 5 7.5 10 -
Electrode conductivity k¢ WmK 15 420 - [19]

reasons 50 °C is generally chosen as the target temperature.
Thermal damage begins at temperatures higher than 42 °C,
but only for prolonged exposures. Damage is relatively low
until 50—60 °C at which the rate of damage dramatically
increases. It should also be noted that at this temperature,
the pain moves from severe to unbearable [7]. Since the
Laplace and heat transfer equations are linear, the data
produced can be extrapolated and considered indicative of
the overall thermal behavior.

For each configuration, the surface of one electrode is
assumed to have a prescribed voltage with the other elec-
trode set to ground. The modeled voltage-to-distance ratios
were 50, 250, and 1250 V/cm, all typical values [16,20].
The effect of the spacing between the electrodes, center-to-
center for the needle configuration and edge-to-edge for the
plate configuration, was investigated by comparing distan-
ces of 5, 7.5 and 10 mm. The electrodes were modeled as
stainless steel or silver and, for the needle configuration,
either 0.3, 1 or 1.5 mm in diameter. The convection
parameter in heat transfer analysis was varied from zero,
simulating a completely insulating electrode surface, to 50

a.

W/m? K simulating convection in air, to 500 W/m* K
simulating forced convection in fluids. The blood flow
perfusion rate was taken to be zero, 0.5 or 1.0 kg/m® s
[21]. The metabolic heat was taken to be either zero, 33 800
W/m® [21] or, to track the metabolic heat influence, the
average. A summary of the varied parameters can be found
in Tables 2 and 3.

All calculations were performed using MATLAB’s finite-
element solver, Femlab v2.2 (The MathWorks, Natick, MA).
To ensure mesh quality and validity of solution, the mesh
was refined until there was less than a 0.5% difference in
solution between refinements. For the plate configuration,
there was less than a 2% difference from the exact solution,
which was calculated for all configurations that neglected
blood flow or convective losses through the electrodes. The
plate electrode system contained 863 nodes with 1632
triangles, and the needle electrode configuration contained
2044 nodes with 3900 triangles. Pulse durations were
calculated with a resolution of at least 1%. The simulations
were conducted on a Compaq Presario computer with 256
MB of RAM.

5. Results and discussion
Fig. la—d illustrates typical results and show isopotential

and isothermal lines that form with a 1-s long, 50-V pulse
applied at the electrodes for the two systems. In these

Fig. 1. Analysis of thermal distribution after 1-s 50-V electroporation pulse (¢"” =33800 W/m®, =500 W/m? K, wy,=0 kg/m> s), panel a: isopotential lines,
panel b: isothermal lines for plate configuration, panel c: isopotential lines, panel d: isothermal lines with electric field superimposed for needle configuration.
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Fig. 2. Effect of electrode diameter on allowable pulse length for tissues with constant and varying («=1.5%/°C) electrical conductivity. —@—, variable

conductivity; = {F -, constant conductivity.

particular examples, the electrodes are assumed to be steel
with a heat transfer coefficient of 500 W/m? K. The distance
between the electrodes is 10 mm, with a volumetric blood
flow rate of 0 and metabolic heat of 33800 W/m".

With these parameters, the maximum temperature for the
plate configuration is located at the center, and the temper-
ature along the electrodes actually drops below the initial 37
°C because of the heat dissipation through the electrodes to
the cooler outside environment. However, for the needle
electrode configuration, the maximum temperature is always
near the electrode surface but rapidly diminishes.

Fig. 2 compares the effect of the electrode diameter for
the cylindrical system as well as variations in tissue prop-
erties due to temperature. It plots the pulse duration required
to achieve a maximum temperature of 50 °C for a 50-V
pulse, ignoring blood flow, metabolic heat, and convective

losses as a function of electrode diameter for an electrode
spacing of 10 mm. The diameters tested are 0.3, 1.0 and 1.5
mm for two different scenarios. The first scenario varies the
electrical conductivity as a function of temperature, and the
second one maintains a constant conductivity. An electrode
diameter and pulse duration combination under these curves
will generate a temperature lower than 50 °C while a
combination above the curves will generate a higher tem-
perature. For thinner needles, the allowable pulse duration is
strongly affected by changes in diameter, but this depen-
dency diminishes as the electrode size increases. These
results allow the investigators to adopt the best compromise
between thermal or irreversible damage near the electrodes
and a larger incision.

If the biological properties are assumed to be constant
and the contributions from blood flow, metabolic heat and
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Fig. 3. Effect of electrode spacing on allowable pulse length. ——, needle 50/0 V (with one electrode at 50 V and the other grounded); +, needle 50 V/em;

=0, plate 50/0 V; |}, plate 50 V/em.
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electrode heat dissipation are neglected; the increase in
temperature for the plate configuration is simply calculated
from the Joule heating:

AT =2 |V|?At (14)
PCp

However, the thermal and electrical conductivities of bio-
logical tissues are both functions of temperature. In liver, for
example, they vary 0.25% and 1.5% per °C, respectively
[17]. To take into account the tissue properties dependence
on temperature, Eq. (14) would need to be solved iteratively.
Applying these dependencies to the plate configuration
decreases the allowable duration approximately 8% since
the tissue properties of the entire domain will change. On
the other hand, the results also show that implementing
these dependencies only slightly alters the results for the
needle configuration. Therefore, in the subsequent calcula-
tions, the models are assumed to have constant electrical and
thermal conductivities.

Fig. 3 explores the effect of the spacing between the
electrodes. It plots the pulse duration required to achieve a
maximum temperature of 50 °C for a 50-V pulse, ignoring
blood flow, metabolic heat, and convective losses as a
function of electrode spacing. From Eq. (14) it should be
apparent, as well as expected, that it is not the applied
voltage that is important for the plate configuration but
rather the total energy generated from a pulse.

For an electrode diameter of 1 mm, the needle electrode
configuration was analyzed by first only varying the center-
to-center spacing and then by adjusting the voltage along
with the spacing such that the voltage-to-distance ratio
remained constant. Fig. 3 shows that the allowable duration
for the needle configuration actually depends on the volt-
age-to-distance ratio as well as on the spacing. The allow-
able pulse lengths for these configurations with an electrode
spacing of 10 mm (i.e. 6.818 s for the plate configuration
and 1.175 s for the needle configuration) are used as the
baseline values for the subsequent calculations in Fig. 4.

Fig. 4a explores the effect of the volumetric blood flow
on the temperature distribution in the tissue. This distribu-
tion is compared using an electrode spacing of 10 mm,
with a pulse voltage and duration that yields a maximal
temperature of 50 °C under the conditions discussed in
Fig. 3, for three different blood flows. The contributions
from blood flow are more noticeable for the plate electro-
des because of the longer allowable pulse length. However,
in both situations, the contribution is small and may be
considered actually less significant because recent studies
have shown that soon after the electrical pulses are deliv-
ered, the blood flow is restricted in the treated region for
up to 2 min [22].

Fig. 4b explores the effect of the metabolic heat on the
temperature distribution in the tissue. For an electrode
spacing of 10 mm, it shows the pulse duration required
for a 50-V pulse to yield a maximal temperature of 50 °C
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Fig. 4. The effects of (a) blood flow, (b) metabolic heat, and (c) electrode
heat dissipation on allowable pulse lengths for baseline values of 1.175 s for
the needle configuration and 6.818 s for the plate configuration. Panel a:
—&—, needle configuration; -[_}~, plate configuration. Panel b: —@—,
needle configuration; -}, plate configuration. Panel c: ==, stainless
steel, needle; [}, silver, needle; ==, plate (steel, silver).

under the conditions discussed in Fig. 3 for a metabolic heat
of 33800 W/m® [21], half that value, and without metabolic
heat. The conclusion is that the contribution from metabolic
heat is virtually nonexistent.

Fig. 4c explores the effect of heat dissipation through the
electrodes on the temperature distribution in the tissue. For
an electrode spacing of 10 mm, it compares the pulse
duration required for a 50-V pulse to yield a maximal
temperature of 50 °C under the conditions discussed in
Fig. 3 for the three different heat transfer coefficients. Fig.
4c also investigates the effect of electrode material by
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comparing stainless steel and silver electrodes for the
cylindrical case in Fig. 3. It was found that during the
application of the pulse, the heat dissipation through the
electrodes is relatively small.

Because of the short duration of the pulse, Fig. 5 explores
the heat dissipation after a 1-s 50-V pulse for the needle
configuration with stainless steel electrodes and a heat
transfer coefficient of 500 W/m? K. The figure suggests
two things. The first is that after the removal of the pulse,
the temperature rapidly drops, and second is that there is
little heat dissipation through the electrodes themselves. It
should be pointed out that since these electrodes are
assumed to be infinite, they provide an upper limit as to
the amount of heat dissipated.

Figs. 6 and 7 compare the required voltage and pulse
length to reach 50 °C while neglecting contributions from
blood flow, metabolic heat, and heat dissipation through the
electrodes for an electrode spacing of 10 mm and, for the
needle configuration, an electrode diameter of 1 mm.
Typical pulse parameters are usually eight pulses at 1 Hz
with 250 V/cm at 50 ms for gene therapy [16] and 1300 V/
cm at 100 ps for ECT [1,4,5]. Fig. 6 shows the necessary
pulse duration for common voltages (50, 100, 250, 1250 V)
to reach 50 °C. Fig. 7 does the opposite and highlights the
necessary voltage to reach 50 °C for common pulse lengths
(100 ps, 1 ms, 10 ms, 100 ms, and 1 s).

In the case of the plate electrodes, the allowable pulse
lengths are much longer than the usual experimental con-

1.4 7
0.4 -2.0
1.2 1 A - 6
0.3 L 1.5
1 - I -5
02 L0 4.008- 5 0.04
= 0.8 - 01 (5 0,006 0.03 L4 =
S E A 5
kS 0 20 004 0.02 £
£ 064 100 200 300 40 - - 5 §
g 0.002 0.01 f
T 0.4 - -2 E
&~ e 0 0.00 -
insert A | 1050 1150 1250
0.2 - i -1
i prmmmmmmmmmes '
E VinsertB i
0 T - i 1 T T T D ' 0
0 200 400 600 800 1000 1200 | 1400

Voltage [V]

Fig. 6. Voltage vs. pulse duration for maximum temperature of 50 °C. ——, needle; = _}-, plate.
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Fig. 7. Pulse duration vs. voltage for maximum temperature of 50 °C. ——, needle; [}, plate.

ditions for ECT and EGT. This implies that if these electro-
des are in direct contact with the treated tissue, the heating
generated with these electrodes is insignificant. Therefore, if
histological alterations are observed, they should be due to
the cell electropermeabilization or drug or DNA presence
and not to tissue heating. However, since plate electrodes
are commonly employed for skin electroporation, the large
surface impedance of the skin, the skin-electrode contact
resistance, and the creation of highly localized transport
regions need to be taken into account [23,24].

In the case of the needle electrodes, the required pulse
duration to reach 50 °C is comparable to the total length of
the pulses during typical experiments, i.e. eight times a

61

single pulse length. This suggests that the tissue near the
electrodes could be irreversibly damaged, which corre-
sponds with results found from Miklav¢i¢ [5]. However,
these calculations can be considered conservative due to the
typical 1-s delay between pulses, which allows for more
heat dissipation through the electrodes and blood flow and,
most importantly, through the tissue itself. To investigate
this effect, Fig. 8 shows, for the needle configuration
described in Fig. 3 with an electrode spacing of 10 mm,
the difference between one 400-ms 100-V pulse and eight
50-ms 100-V pulses applied at a frequency of 1 Hz. It
should be noted that in these calculations, the heating of the
electrodes was not considered. The thermal conduction
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Fig. 8. Comparison between a single pulse and a set of pulses with the same applied duration on the maximal temperature for 100-V pulse(s). = F -, one 400-ms

pulse; =i, cight 50-ms pulses at 1 Hz.
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through the tissue appreciably dissipates the heat in the
tissue thereby largely decreasing the maximum temperature
experienced by the tissue.

6. Conclusion

In summary, our study shows analytically the effects of
various electroporation parameters and conditions on the
temperature distribution in tissue during electroporation. As
a general rule, the allowable pulse lengths for which there is
no part of the tissue exposed to 50 °C are much longer for
plate electrodes than for needle electrodes. For the needle
electrode configuration, the contributions during a single
pulse from blood flow, metabolic heat generation, and
electrode heat dissipation were small due to the short
allowable duration of the pulse and the concentrated region
of the affected tissue. More importantly, for this configura-
tion, it is necessary to look at parameters such as electrode
spacing and diameter as well as repetition frequency when
designing protocols. For the plate configuration, since the
allowable pulse lengths were longer and the entire tissue
was affected, the contributions from blood flow, metabolic
heat, and electrode heat dissipation were more significant.
However, the results suggest that Joule heating alone is a
useful estimate of the temperature increase from electro-
poration for this configuration. In both cases, ignoring the
blood perfusion term provides an upper limit estimate for
the temperature distribution in the tissue. The contributions
from blood perfusion, metabolic heat generation, and elec-
trode heat dissipation were assessed assuming a single
pulse, but if multiple pulses were applied, their role would
be more significant, and would depend on the pulse repe-
tition frequency. During an electroporation procedure, the
amount of heating produced is not negligible. This study
should provide the reader with the tools to address the
thermal issues associated with electroporation.
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